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5.  Introduction 


The  purpose  of  this  study  is  to  determine  which  physical  operating  characteristics  for 
obtaining  DEI  images  provide  the  optimum  image  for  breast  cancer  imaging.  This 
determination  will  be  based  on  expert  observer  studies.  The  results  will  then  be  used  as 
the  design  specifications  for  a  compact  source.  The  specific  aims  of  this  proposal  are  to 
determine  the  physical  characteristics  of  the  acquisition  of  DEI  images  for  breast 
imaging.  There  are  numerous  parameter  values  for  collection  of  DEI  images  and  design 
specifications  of  a  compact  source  for  breast  imaging  depend  upon  what  these  values  are. 
An  observer  study  is  proposed  which  will  allow  expert  radiologists  to  score  DEI  images 
obtained  with  different  acquisition  parameter  values.  From  this  study,  we  gan  determine 
the  optimal  design  specifications  for  a  clinically  useful  breast  imaging  system. 


6.  Body 

There  are  many  different  acquisition  parameters  that  can  effect  the  data  that  are  used  to 
form  the  DEI  image.  We  propose  the  following  parameters  to  be  evaluated: 

1.  Two  crystal  types:  Bragg  -  reflection  from  the  “analyzer”  crystal 

Laue  -  transmission  through  the  “analyzer”  crystal 

2.  Three  reflection  types  to  establish  optimal  refraction  and  scatter  rejection  contrast. 
Si(l,l,l),  Si(3,3,3),  Si(5,5,5)  See  definitions  Appendium  A. 

3.  Three  imaging  energies:  18, 25,  and  30  keV. 

4.  Five  locations  on  the  rocking  curve  (±1  Darwin  width,  ±‘/2  Darwin  width,  and  at  the 
analyzer  peak)  plus  a  radiograph  (image  without  analyzer). 

5.  Two  image  processing  methods.  PLAHE  and  MIW. 


During  the  first  year  of  this  grant,  we  have  acquired  images  of  three  tissue  specimens  at 
all  the  above  parameter  values  except  at  Si(5,5,5).  This  configuration  can  not  be 
accomplished  with  the  present  equipment  available  to  us.  We  will  continue  to  address 
this  issue,  but  the  decision  was  made  to  progress  with  the  reader  study  with  the  data  we 
have  acquired. 

We  have  pathology  assessments  of  the  tissue  samples  and  have  identified  10  regions  of 
interest  for  the  readers  to  evaluate.  We  have  the  image  processing  algorithms  ready  for 
use  including  PLAHE,  a  new  version  of  CLAHE  (  contrast  limited  adaptive  histogram 
equalization). 

We  have  downloaded  all  the  synchrotron  images  to  our  lab  at  UNC  and  have  finished 
reformating  them  for  display  on  our  systems. 
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We  are  presently  working  out  the  details  of  the  reader  study,  how  many  readers,  what 
display  scheme  to  use,  etc.  We  expect  to  begin  the  reader  study  sometime  this  summer. 


7.  Key  research  accomplishments 

•  Acquired  images  with  synchrotron  at  all  parameter  values  for  three  breast  tissue 
specimens. 

•  Completed  pathology  for  all  specimens. 

•  Reformated  images  for  display  at  UNC. 

•  Two  image  processing  algorithms  completed  and  ready  to  apply. 

8.  Reportable  Outcomes. 

None  at  this  point  in  time. 

9.  Conclusions 

The  purpose  of  this  study  is  to  determine  what  acquisition  parameter  values  produce 
the  best  DEI  images.  At  the  end  of  the  first  year  we  have  acquired  images  for  all  the 
parameter  values  proposed  except  for  the  Si(555)  crystal  configuration.  We  have 
modified  our  goals  to  not  include  this  configuration  at  this  time,  due  to  technical 
difficulties  that  would  keep  us  from  proceeding  in  a  timely  manner. 

We  have  added  a  set  of  acquisition  images  that  will  detennine  the  necessity  of  breast 
compression,  or  at  what  level  of  compression  is  needed.  Both  image  sets  are 
presently  being  assembled  for  the  reader  study. 

The  results  of  the  reader  study  should  determine  which  parameter  values  should  be 
used  to  acquire  the  image  and  what  level  of  compression  is  needed,  if  any. 

10.  References 
None. 

11.  Appendices 

Pisano  ET,  Johnston  RE,  Chapman  D,  Geradts  J,  lacocca  MV,  Washburn  DB,  Sayers 
DE,  Zhong  Z,  Kiss,  MZ,  Thomlinson  WC.  Radiology  2000;  214;  895-901 
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Human  Breast  Cancer 
Specimens:  Diffraction- 
enhanced  Imaging  with 
Histologic  Correlation — 
Improved  Conspicuity 
of  Lesion  Detail  Compared 
with  Digital  Radiography^ 


Seven  breast  cancer  specimens  were 
examined  with  diffraction-enhanced 
imaging  at  18  keV  with  a  silicon 
crystal  with  use  of  the  silicon  333 
reflection  in  Bragg  mode.  Images 
were  compared  with  digital  radio¬ 
graphs  of  the  specimen,  and  regions 
of  increased  detail  were  identified. 
Six  of  the  seven  cases  (86%)  showed 
enhanced  visibility  of  surface  spicula- 
tion  that  correlated  with  histopatho¬ 
logic  information,  including  exten¬ 
sion  of  tumor  into  surrounding  tissue. 


Mammographic  technology  has  improved 
dramatically  in  the  past  2  decades.  Im¬ 
provements  include  the  development  of 
dedicated  mammographic  equipment 
with  appropriate  x-ray  beam  quality,  ad¬ 
equate  breast  compression,  and  auto¬ 
matic  exposure  control  (1).  Digital  mam¬ 
mography  is  the  most  recent  development 
and  is  now  being  introduced  into  the 
clinic,  with  the  promise  of  improved  early 
detection  of  breast  cancer  (2).  All  cur¬ 
rently  existing  systems  depend  on  the 
depiction  of  x-ray  absorption  to  define 
the  differences  between  normal  and  ab¬ 
normal  tissues.  A  radiographic  imaging 
method,  diffraction-enhanced  imaging 
partly  depends  on  the  refractive  proper¬ 
ties  of  an  object  in  the  creation  of  a 
scatter-free  image  (3).  Use  of  this  method, 
which  improves  the  x-ray  beam  proper¬ 
ties  for  enhanced  contrast  and  currently 


available  digital  mammographic  detec¬ 
tors,  could  increase  early  detection  of 
occult  disease.  See  the  Appendix  for  a 
complete  description  of  the  principles  of 
diffraction-enhanced  imaging. 

Other  researchers  have  applied  diffrac¬ 
tive  optics  to  imaging  problems  (4-7)  and 
have  observed  refraction  effects.  There  is 
also  interest  in  phase-contrast  imaging 
that  makes  use  of  the  high  transverse 
coherence  of  third-generation  synchro¬ 
tron  sources.  However,  these  types  of 
measurements  are  limited  to  use  with 
materially  thin  objects  or  high  x-ray  imag¬ 
ing  energies  to  obtain  phase-contrast  im¬ 
ages  of  the  object  (8,9).  The  diffraction- 
enhanced  imaging  technique  is  successful 
with  samples  of  the  same  thickness  as  the 
human  breast  and,  after  further  develop¬ 
ment,  should  be  possible  without  the  use 
of  a  synchrotron. 

For  this  project,  the  mammographic 
technique  under  development  makes  use 
of  the  high  intensity  and  collimation 
of  synchrotron  radiation  to  create  a 
monoenergetic  line  scanning  system  with 
very  little  scatter  (10).  Synchrotron  radia¬ 
tion  is  the  electromagnetic  radiation  emit¬ 
ted  as  charged  particles  (electrons  or 
positrons)  change  direction  while  passing 
through  electromagnets.  The  magnets  re¬ 
strain  the  particles  to  a  circular  orbit  in 
large  accelerators  called  "'synchrotrons,'' 
although  most  of  the  modern  machines 
are  really  storage  rings  in  which  the  elec¬ 
tric  currents  persist  for  many  hours  at 
constant  energy.  The  particles  are  highly 
relativistic,  traveling  at  or  near  the  speed 
of  light,  so  that  the  radiation  produced 
has  several  unique  properties.  The  inten- 


Reprinted  from  RADIOLOGY,  Vol.  214,  No.  3,  Pages  895-901,  March  2000 
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Si(333)  Detector 


Figure  1.  Schematic  of  experimental  setup.  At  the  top,  synchrotron 
setup  used  to  obtain  radiographs  of  the  object,  in  this  case,  breast 
specimens,  is  shown.  At  the  bottom,  addition  of  the  analyzer  crystal 
(Bragg  or  reflection  geometry)  used  to  implement  the  diffraction- 
enhanced  imaging  {DEf)  system  is  shown. 


sity  of  the  radiation  is  five  to  six  orders  of 
magnitude  higher  than  that  of  a  labora¬ 
tory  source.  The  energy  spectrum  is 
smooth  and  continuous  from  the  infra¬ 
red  to  the  hard  x-ray  range.  The  radiation 
is  inherently  collimated  in  the  plane  of 
the  orbit.  The  radiation  is  emitted  from 
the  machine  through  metal  windows  and 
delivered  to  experimental  stations  through 
long  vacuum  vessels.  These  tubes  are  called 
beam  lines.  The  unique  radiation  proper¬ 
ties,  when  coupled  with  modern  perfect 
crystal  x-ray  optics,  are  used  to  define 
very  high  intensity  beams  that  are  highly 
monochromatic  at  any  selected  energy 
and  are  highly  collimated  for  medical 
and  other  applications. 

In  addition,  an  analyzer  crystal  was 
used  in  this  study  as  a  scatter  rejection 
optic. 

Herein,  we  describe  our  first  results 
with  imaging  of  human  breast  cancer 
specimens.  We  have  previously  reported 
our  results  with  phantoms  (10). 

I  Materials  and  Methods 

The  experimental  setup  used  to  apply 
this  technique  is  shown  in  Figure  1,  which 
shows  both  the  synchrotron  radiographic 
system  and  the  addition  of  the  analyzer 
crystal  to  the  diffraction-enhanced  imag¬ 
ing  system.  The  white  synchrotron  beam 
is  made  nearly  monochromatic  by  using 
a  silicon  double-crystal  monochromator. 
For  the  measurements  in  this  study,  the 
beam  energy  was  either  18  or  30  keV. 
Experiments  were  performed  at  two  facili¬ 
ties:  the  National  Synchrotron  Light 
Source  (Brookhaven  National  Laboratory, 
Upton,  NY)  with  use  of  the  X27C  Re¬ 
search  and  Development  Group  beam 
line,  and  the  Advanced  Photon  Source 
(Argonne  National  Laboratory,  Argonne, 
Ill)  with  use  of  the  1-BM,  or  bending 
magnet,  beam  line  of  the  Synchrotron 
Radiation  Instrumentation  Collaborative 
Access  Team.  This  study  was  formally 
granted  an  exemption  from  review  by  the 
institutional  review  board  at  the  partici¬ 
pating  institutions. 

The  imaging  beam  was  approximately 
80  mm  wide  and  1  mm  high  at  the  location 
of  the  object.  An  ionization  chamber  was 
used  to  measure  the  radiation  exposure  at 
the  surface  of  the  object.  Images  with  and 
those  without  the  analyzer  crystal  were 
obtained  at  exposure  levels  comparable 
to  those  used  in  conventional  mammo- 
graphic  x-ray  systems.  The  breast  speci¬ 
men  to  be  imaged  was  mounted  on  a 
scanning  stage  driven  with  a  stepping  mo¬ 
tor.  The  x-ray  beam  transmitted  through 
the  object  could  be  either  imaged  di¬ 


rectly,  as  in  standard  radiography,  or  after 
diffraction  in  the  vertical  plane  by  means 
of  the  silicon  crystal  analyzer.  Radiation 
exposure  to  the  image  plate  was  con¬ 
trolled  by  adjusting  the  scanning  speed 
and  absorbers  in  the  incident  beam  to 
maintain  an  exposure  of  about  1.3  C/kg 
(5  mR)  to  the  plate.  Typical  scanning 
times  for  these  experiments  were  on  the 
order  of  4-200  seconds.  These  limits  were 
dictated  by  our  scanning  motors  and  the 
mechanical  system. 

The  detector  was  a  photostimulable 
phosphor  image  plate  typically  used  for 
radiologic  examinations  (models  HRS 
[high  spatial  resolution]  and  STS  [stan¬ 
dard  spatial  resolution];  Fuji  Medical  Sys¬ 
tems  USA,  Stamford,  Conn).  The  image 
recorded  on  the  plate  was  digitized,  stored, 
and  displayed  with  a  reader  and  work¬ 
station  (model  AC3;  Fuji  Medical  Sys¬ 
tems)  or  with  a  reader  system  (model 
BAS2000;  Fuji  Medical  Systems).  The  im¬ 
age  plates  were  read  with  a  2,S60  x  2,048 
matrix,  which  resulted  in  an  image  with 
100  pm  per  pixel  (0.1  X  0.1  mm). 

The  diffraction  angle  of  the  analyzer 
crystal  could  be  finely  tuned  by  using  a 
stepper-motor  driven  translation  stage  to 
push  on  a  long  bar  attached  to  an  axle  to 
which  the  crystal  was  attached  (tangent 
arm).  The  spatial  resolution  limit  of  the 
tangent  arm  was  0.1  pradian,  which  was 
sufficient  for  placing  the  Bragg  analyzer 
crystal  at  a  selected  position  on  its  rock¬ 
ing  curve. 

For  each  sample,  a  ''normak'  radio¬ 
graph  with  the  monochromatic  beam 


could  be  obtained  by  moving  the  image 
plate  to  a  location  just  downstream  of  the 
object  on  the  sample  scanning  stage  and 
imaging  the  combined  object  and  image 
plate  through  the  fan  beam.  Diffraction- 
enhanced  images  were  then  acquired  with 
the  analyzer  crystal  tuned  to  various  posi¬ 
tions  on  the  rocking  curve  by  translating 
the  sample  and  the  image  plate  in  oppo¬ 
site  directions  at  the  same  speed  through 
the  fan  beam.  The  change  in  scanning 
direction  arises  from  the  beam  inversion 
from  the  analyzer  crystal.  At  a  scanning 
speed  of  about  10  mm/sec,  the  surface 
dose  on  the  sample  was  a  few  milligray  at 
18  keV  and  lOths  of  a  milligray  at  30  keV. 
Rocking  curves  through  a  specific  loca¬ 
tion  within  the  specimen  were  obtained 
by  fixing  the  specimen  in  the  fan  beam 
and  performing  a  series  of  exposures  by 
incrementally  changing  the  position  of 
the  analyzer  crystal  and  the  vertical  posi¬ 
tion  of  the  image  plate. 

Seven  formalin-fixed  human  breast  can¬ 
cer  specimens  were  imaged,  three  infiltra¬ 
tive  lobular  and  four  infiltrating  ductal 
carcinomas.  These  specimens  were  ap¬ 
proximately  1  cm  thick.  Each  biologic 
sample  was  sealed  in  a  plastic  bag  and 
compressed  between  two  Lucite  plates  so 
that  the  absorbing  thickness  was  approxi¬ 
mately  40  mm.  Images  were  obtained  at 
18  keV  by  using  the  reflection  of  silicon 
333  crystals  as  monochromator  and  ana¬ 
lyzer.  The  crystals  were  in  symmetric  Bragg 
mode,  meaning  that  the  beam  made  the 
same  angle  with  the  crystal  surface.  For 
each  sample,  five  images  were  obtained  at 
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Figure  2.  Specimen  with  invasive  lobular  carcinoma,  which  typically  grows  in  single  files  of  cells,  (a)  Digital  radiograph  of  the  specimen.  Note  the 
vague  linear  densities  along  the  inferior  margin  of  the  lesion,  some  of  which  are  marked  with  arrows.  A  scratch  artifact  lies  across  the  top  portion  of 
the  image,  (b)  Diffraction-enhanced  image  of  the  same  specimen.  Note  the  increased  prominence  and  number  of  lines  that  extend  from  the  inferior 
border  of  the  lesion  at  the  arrows,  (c)  Photomicrograph  of  the  spiculations  identified  between  the  two  arrows  on  the  left  in  b  shows  a  band  of  fibrous 
tissue  with  invasive  lobular  carcinoma  (arrows).  The  other  spiculations  identified  by  the  single  arrow  on  the  right  in  b  proved  to  be  both  infiltrating 
lobular  carcinoma  and  fibrous  bands.  (Hematoxylin-eosin  stain;  original  magnification,  X 10.) 


angular  positions  of  0  (peak  position), 
±WI2,  and  ±W  on  the  rocking  curve, 
where  W  is  the  full-width  at  half  maxi¬ 
mum  point  on  the  rocking  curve. 

Images  of  the  same  specimens  were 
also  obtained  with  use  of  a  digital  mam- 
mographic  unit  (SenoScan;  Fischer  Medi¬ 
cal  Imaging,  Boulder,  Colo), 

Diffraction-enhanced  and  digital  im¬ 
ages  of  the  specimens  were  subsequently 
evaluated  by  one  experienced  breast  im¬ 
ager  (E.D.P.).  She  identified  regions  of  inter¬ 
est  within  the  diffraction-enhanced  im¬ 
ages  that  showed  apparently  increased 
lesion  information,  for  example,  areas  of 
increased  surface  spiculation.  This  was 
done  by  comparing  the  digital  radio¬ 
graph  and  the  diffraction-enhanced  image 
side  by  side  and  circling  areas  on  the 
latter.  No  regions  of  interest  were  iden¬ 


tified  on  the  standard  digital  radio¬ 
graphs. 

Histologic  whole-mount  slides  of  the 
specimens  were  made.  With  the  assis¬ 
tance  of  the  radiologist  and  direct  com¬ 
parison  of  the  whole-mount  slides  to  the 
diffraction-enhanced  images  of  the  speci¬ 
men,  an  experienced  breast  pathologist 
(J.G.)  evaluated  the  regions  of  interest  in 
the  specimens  to  determine  whether  the 
information  apparent  on  the  diffraction- 
enhanced  images  correlated  with  real  his¬ 
topathologic  structures. 

I  Results 

Visualization  of  lesion  spiculation  and 
architectural  distortion  of  the  breast  can¬ 
cer  specimens  improved  on  diffraction- 
enhanced  images  in  six  of  seven  cases 


(86%)  on  the  basis  of  the  10  regions  of 
interest  identified  by  the  participating 
radiologist.  These  regions  of  interest  were 
areas  that  showed  increased  spiculation 
or  architectural  distortion  on  the  diffrac¬ 
tion-enhanced  image  compared  with  on 
the  standard  digital  radiograph  of  the 
specimen.  For  these  10  areas,  histopatho¬ 
logic  review  revealed  the  spiculations  to 
be  infiltrating  ductal  carcinoma  (two  re¬ 
gions  in  one  specimen),  infiltrating  lobu¬ 
lar  carcinoma  (two  regions,  each  in  a 
different  specimen),  ductal  carcinoma  in 
situ  with  surrounding  fibrosis  (one  region), 
fibrosis  alone  (three  regions  in  one  speci¬ 
men),  fibrocystic  change  (one  region), 
and  biopsy  site  changes  (one  region).  In 
every  case  of  enhanced  spiculation  visualiza¬ 
tion,  there  was  a  histopathologic  conelate 
that  could  explain  the  imaging  finding. 
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Figure  3.  (a)  Digital  radiograph  of  the  specimen  shows  invasive  lobular  carcinoma  that  extends  to  the  edge.  As  marked  with  an  arrow,  there  is  a 
suggestion  of  an  additional  focus  of  tumor  with  some  evidence  of  spiculations  that  extend  from  its  surface  at  the  edge  of  the  specimen. 

(b)  Diffraction-enhanced  image  shows  improved  visibility  of  these  fine  lines  (arrow).  This  was  identified  as  a  region  of  interest  for  this  study. 

(c)  Photomicrograph  reveals  invasive  lobular  carcinoma  (arrows)  within  fibrous  bands,  which  correspond  to  the  visualized  spiculations. 
(Hematoxylin-eosin  stain;  original  magnification,  xiOO.) 


The  figures  show  the  improved  depic¬ 
tion  of  spiculations  corresponding  with 
tumor  extension  (Figs  2-4)  and  with  fibro¬ 
sis  (Fig  5). 

I  Discussion 

This  technique  was  developed  with  use 
of  a  synchrotron  x-ray  source.  The  high 
intensity,  collimation,  and  tunability 
available  with  use  of  synchrotron  sources 
make  them  ideal  environments  in  which 
imaging  technologies,  such  as  diffraction- 
enhanced  imaging,  can  be  developed.  An 
obvious  drawback  is  the  translation  of  this 
technology  to  more  conventional  x-ray 
sources  in  a  laboratory  or  clinical  environ¬ 
ment.  The  diffraction-enhanced  imaging 
technique  delivers  x-ray  exposures  to  tis¬ 
sue  and  phantoms  that  is  similar  to  that 
delivered  by  conventional  x-ray  mammo- 
graphic  units.  The  difficulty  arises  in  gen¬ 
erating  the  highly  collimated,  monoener- 


getic  imaging  beam.  The  monochromatin g 
crystal  and  analyzer  crystal  must  use  the 
same  Bragg  reflection  to  achieve  the  high 
degree  of  collimation  necessary  to  ob¬ 
serve  the  refraction  and  scatter  rejection 
presented  earlier.  Perfect  single-crystal  sili¬ 
con  monochromators  and  analyzers  are 
used  to  achieve  the  diffraction-enhanced 
imaging  effect.  Such  systems  are  used 
routinely  with  conventional  x-ray  sources, 
but  for  diffraction-enhanced  imaging  to 
be  applied  to  mammography,  the  source 
intensity  and  properties  must  be  such 
that  exposures  are  obtained  in  a  few 
seconds  to  avoid  image  blurring  due  to 
patient  motion. 

Estimates  of  the  flux  from  conventional 
x-ray  sources  have  yielded  scanning  time 
estimates  of  approximately  1,000-10,000 
seconds.  Clearly,  such  long  scanning  times 
to  deliver  a  diffraction-enhanced  image 
set  would  be  unacceptable.  These  times 


are  based  on  commercially  available  x-ray 
sources  and  indicate  that  the  application 
of  diffraction-enhanced  imaging  with 
conventional  sources  will  be  challenging. 
However,  there  are  reasons  to  believe  that 
this  will  be  possible. 

First,  conventional  x-ray  imaging  makes 
use  of  an  x-ray  beam  that  arises  directly 
from  the  target  of  the  x-ray  tube.  The 
spectrum  may  be  filtered.  In  the  imple¬ 
mentation  of  diffraction-enhanced  imag¬ 
ing,  a  monochromator  must  be  used  to 
collimate  the  imaging  beam.  This  mono- 
chromating  element  allows  the  opera¬ 
tional  parameters  of  the  tube  to  be  opti¬ 
mized  for  the  creation  of  the  flux  at  the 
desired  imaging  energy.  This  eliminates 
concern  for  other  parts  of  the  spectrum  that 
would  normally  deliver  unnecessary  dose, 
for  example,  the  creation  of  bremsst  rah  lung 
radiation.  Use  of  high  accelerating  voltages 
becomes  attractive  since  the  flux  con- 
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Figure  4.  (a)  Digital  radiograph  of  the  specimen  for  an  infiltrating  ductal  carcinoma  that  extends  to  the  skin.  The  curved  arrow  in  a  indicates  an  area 
identified  as  a  region  of  interest  for  this  study  that  appears  as  a  possible  mass  or  satellite  lesion.  The  straight  arrow  indicates  a  small  mass, 
(b)  Diffraction-enhanced  image  of  the  specimen  with  the  area  corresponding  to  the  marked  area  in  a  indicated  with  a  curved  arrow.  This  reveals 
subtle  spiculations  along  the  superior  aspect  of  a  definite  mass.  In  addition,  at  the  mass  marked  with  a  straight  arrow,  there  are  more  obvious 
spiculations  than  are  seen  in  a.  These  proved  to  be  a  focus  of  infiltrating  ductal  carcinoma,  (c)  Photomicrograph  reveals  tongues  of  infiltrating  ductal 
carcinoma  (arrows)  that  correspond  to  the  subtle  spiculations  visible  at  the  tip  of  the  curved  arrow  in  b.  (Hematoxylin-eosin  stain;  original 
magnification,  X5.) 


tained  in  the  emission  from  the  source  is 
enhanced  at  higher  accelerating  voltages. 

Second,  the  prospect  of  obtaining  diag¬ 
nostic  information  from  the  diffraction 
image  leads  to  higher  optimal  imaging 
energies.  Since  the  tissue  absorption  is 
reduced  at  higher  energy,  the  transmis¬ 
sion  and  thus  flux  requirements  are  re¬ 
duced.  However,  two  competing  effects 
limit  the  imaging  energy.  First,  the  refrac¬ 
tion  sensitivity  is  reduced;  second,  the 
flux  diffracted  by  the  monochromator  is 
reduced.  Estimates  and  measurements  in¬ 
dicate  that  the  optimal  imaging  energy  is 
in  the  range  of  30  keV.  An  additional 
benefit  of  this  energy  is  reduced  dose 
delivery  (15  times  less  than  that  at  18 
keV)  and  possible  reduction  in  breast 
compression. 

Finally,  the  advent  of  digital  detectors 
for  mammography  may  allow  more  effi¬ 
cient  use  of  exposure.  A  contributing 
element  may  also  be  the  lack  of  scatter  in 


the  acquired  image,  which  may  allow  a 
reduction  in  exposure  in  the  acquisition 
of  useful  diagnostic  information.  Perhaps 
this  method,  paired  with  more  efficient 
detectors,  will  allow  use  of  higher  energy 
beams  and  lower  patient  dose. 

The  combination  of  these  four  factors 
may  allow  construction  of  a  nonsynchro¬ 
tron,  conventional  source.  However,  de¬ 
termination  of  the  optimal  parameters 
for  a  conventional  system  will  take  time. 
The  synchrotron,  with  its  wide  flexibility 
in  the  trial  and  modeling  of  source  param¬ 
eters,  will  play  a  major  role  in  this  en¬ 
deavor. 

These  results  suggest  that  there  is  poten¬ 
tial  for  improved  visualization  of  breast 
cancer  detail  with  use  of  the  diffraction 
component  of  the  x-ray  beam.  This  im¬ 
proved  detail  was  achieved  without  opti¬ 
mization  of  this  technique  for  breast  im¬ 
aging.  To  obtain  the  maximum  amount 
of  information  on  diffraction-enhanced 


images  for  breast  cancer  detection  and 
characterization,  careful  evaluation  of  im¬ 
age  detail  with  histologic  correlation  by 
experts  should  be  carried  out.  In  this 
manner,  the  optimal  crystal  type,  reflec¬ 
tion  type,  imaging  energy,  and  rocking 
curve  location  can  be  determined  so  that 
the  specifications  for  a  clinically  useful 
(office-based)  system  can  be  developed. 

Given  the  increased  visibility  of  lesion 
features  with  diffraction-enhanced  imag¬ 
ing  in  all  three  cases  of  infiltrating  lobular 
carcinoma  that  we  evaluated,  we  believe 
this  method  might  improve  detectability 
of  this  frequently  occult  lesion.  Infiltrat¬ 
ing  lobular  carcinoma  is  the  second  most 
common  type  of  invasive  breast  cancer, 
occurring  in  approximately  15%  of 
women  with  infiltrative  tumors.  In  fact, 
lobular  tumors  are  bilateral  in  10%  of 
cases.  Frequently,  the  extent  of  this  type 
of  tumor  is  underestimated  with  tradi¬ 
tional  imaging  methods.  Perhaps  diffrac- 
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Figure  5.  (a)  Digital  radiograph  of  a  specimen  of  infiltrating  ductal 
cancer,  (b)  Diffraction-enhanced  image  shows  fine  spiculations  on  the 
surface  of  the  lesion,  between  the  two  arrows,  that  arc  not  seen  in  a. 
This  area  was  identified  as  a  region  of  interest  for  this  study.  At 
pathologic  examination,  the  area  represented  only  fibrous  tissue 
bands,  a  desmoplastic  reaction  to  the  presence  of  tumor.  This  patho¬ 
logic  feature  is  a  frequent  cause  of  spiculations  and  architectural 
distortion  on  mammograms. 


tion-enhanced  imaging  can  improve  the 
detection  of  this  lesion  by  increasing  the 
visibility  of  subtle  spiculations  and  archi¬ 
tectural  distortions. 

This  study  is  limited  in  that  we  have  yet 
to  evaluate  any  specimens  that  predomi¬ 
nantly  contain  clustered  calcifications. 
We  are  currently  imaging  breast  samples 
that  contain  this  type  of  mammographic 
lesion.  In  addition,  this  study  is  essen¬ 
tially  qualitative,  and  no  images  of  nor¬ 
mal  control  tissue  or  benign  lesions  were 
evaluated.  A  clinically  realistic  analysis  of 
the  potential  benefits  of  this  technique 
will  require  the  imaging  of  a  wider  set  of 
sample  types  and  ultimately  of  patients. 

In  summary,  we  believe  that  these  pre¬ 
liminary  results  suggest  promise  for  dif¬ 
fraction-enhanced  imaging  as  applied  to 
breast  cancer  detection  and  diagnosis. 
Further  studies  are  needed  to  determine 
the  optimal  diffraction-enhanced  imag¬ 
ing  parameters  for  these  clinical  tasks. 

I  Appendix 

Principles  of  Diffraction-enhanced 
Imaging 

In  conventional  radiography,  an  area 
beam  is  used  that,  after  traversing  and 
interacting  with  the  subject,  is  inter¬ 
cepted  and  recorded  by  an  area  detector. 
The  interaction  of  x  rays  with  the  subject 
is  complex,  involving  absorption,  refrac¬ 
tion  (4-7),  and  scattering.  The  scattering 
may  include  small-angle  scattering  (11) 
(scattering  angles  less  than  milliradians) 
that  carries  information  about  the  sub¬ 
ject's  structure  on  the  length  scale  as  large 
as  micrometers.  This  information  is  lost 
in  normal  radiography  because  of  its 
small-angle  nature.  The  refraction  of  x 
rays  inside  the  object  is  also  not  detect¬ 
able  at  conventional  radiography  owing 
to  its  small-angle  nature  (on  the  order  of 
microradians). 

X-ray  diffraction  from  perfect  crystals, 
with  narrow  reflection  angular  width  (on 
the  order  of  a  few  microradians)  and  peak 
reflectivity  of  close  to  unity,  provides  the 
tools  necessary  to  prepare  and  analyze 
x-ray  beams  that  traverse  an  object  on  the 
microradian  scale  (12).  Such  crystals,  typi¬ 
cally  silicon,  are  routinely  used  in  the 
semiconductor  industry  to  make  inte¬ 
grated  circuits  and  electronic  devices.  The 
purity  and  perfection  of  these  crystals 
have  allowed  many  advances  in  x-ray 
diffraction  techniques,  in  particular  at 
x-ray  synchrotron  sources. 

The  condition  for  x-ray  diffraction  from 
a  crystal  is  met  only  when  the  incident 
beam  makes  the  correct  angle  to  the 


atomic  lattice  planes  in  the  crystal  for  a 
given  x-ray  energy  or  wavelength.  When 
this  condition  is  met,  the  beam  diffracts 
from  the  planes  over  a  narrow  range  of 


incident  angles,  so-called  Bragg  diffrac¬ 
tion.  As  the  crystal  is  rotated  about  an 
axis  parallel  to  the  lattice  planes  and 
perpendicular  to  the  incident  beam  direc- 
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tion,  an  intensity  variation  is  observed. 
This  is  referred  to  as  the  'locking  curve.'' 
The  shape  of  this  curve  is  roughly  triangu¬ 
lar,  with  the  peak  reflectivity  approach¬ 
ing  nearly  100%. 

In  diffraction-enhanced  imaging,  an 
imaging  beam  is  prepared  by  means  of 
diffraction  of  the  polychromatic  beam 
from  the  synchrotron  to  create  a  nearly 
monoenergetic  imaging  beam.  This  beam 
is  then  passed  through  the  object  being 
imaged  as  in  conventional  radiography. 
However,  a  matching  crystal  is  placed 
between  the  object  and  the  detector.  This 
crystal  is  set  at  or  near  the  peak  of  Bragg 
diffraction  and  is  called  the  analyzer  crys¬ 
tal.  A  schematic  representation  of  a  syn¬ 
chrotron  radiography  and  diffraction- 
enhanced  imaging  system  is  shown  in 
Figure  1. 

Since  the  condition  for  diffraction  from 
this  crystal  limits  the  x  rays  that  can  be 
diffracted  into  the  detector,  it  automati¬ 
cally  provides  a  high  degree  of  scatter 
rejection,  which  results  in  improved  im¬ 
age  contrast.  The  range  of  angles  accepted 
by  the  analyzer  crystal  is  a  few  microradi¬ 
ans,  which  thus  provides  scatter  rejection 
more  completely  than  does  the  capabili¬ 
ties  of  conventional  antiscatter  tech¬ 
niques  such  as  slit  collimation  and  grids. 

The  rejected  scatter  falls  into  a  category 
referred  to  as  "small-angle  scattering"  (13), 
or  scattering  that  arises  from  diffraction 
from  very  small,  organized  structures.  This 
scattering  intensity,  which  would  nor¬ 
mally  appear  on  the  image,  is  missing  and 
appears  as  does  absorption  on  the  image. 
We  call  the  improved  image  contrast  ob¬ 
tained  by  means  of  scatter  rejection  of 
this  sort  "extinction  contrast,"  which  is 
drawn  from  a  similar  term  used  in  optics 
and  x-ray  diffraction  to  describe  intensity 
loss  due  to  diffraction  and  scattering. 
Therefore  in  diffraction-enhanced  imag¬ 
ing,  the  image  that  represents  the  absorp¬ 
tion  of  the  object  by  x  rays  is  referred  to  as 
the  "apparent  absorption  image,"  since 
it  has  contrast  derived  from  both  absorp¬ 
tion  and  scatter  rejection,  or  extinction. 

The  shape  of  the  rocking  curve  of  the 
analyzer  crystal  introduces  a  sensitivity  to 
refraction  that  occurs  within  the  object 
when  the  analyzer  crystal  is  detuned  from 
the  peak  position.  Density,  thickness,  or 
material  variations  in  an  object  will  re¬ 
fract  the  X  rays  as  they  cross  through  the 
material.  These  small  angular  variations 
are  generally  in  a  range  smaller  than  a 


microradian.  The  steep  sides  of  the  reflec¬ 
tivity  curve  convert  these  subtle  angle 
variations  into  intensity  variations,  which 
thus  makes  refraction  effects  visible  on  an 
image.  In  this  study,  we  found  that  by 
acquiring  an  image  pair  with  the  analyzer 
crystal  set  to  diffract  on  each  side  of  the 
rocking  curve,  we  can  separate  refraction 
effects  from  combined  absorption  and 
extinction  effects  (3,14). 

Thus,  the  diffraction-enhanced  imag¬ 
ing  technique  introduces  two  sources  of 
image  contrast  to  radiography:  refraction 
and  extinction  (3).  Each  of  these  image 
contrast  sources  may  be  further  devel¬ 
oped  to  apply  to  medical  and  biologic 
imaging. 

Glossary  of  Terms 

Analyzer  crystal — A  crystal  that  is  placed 
in  the  x-ray  beam  that  emerges  from  the 
target  material  and  is  used  to  reflect  the 
x-ray  beam  at  the  Bragg  angle  onto  the 
detector. 

Bragg  angle,— The  angle  0  at  which  an 
electromagnetic  beam  is  incident  to  and 
reflected  from  a  crystal  plane.  The  rela¬ 
tionship  between  the  wavelength,  X,  the 
distance  between  the  crystal  planes,  d, 
and  the  angle  of  reflection,  0,  is  given 
with  the  Bragg  equation:  \  =  ZdsinQ. 

Diffraction. — ^A  change  in  direction  of 
an  X  ray  when  it  is  incident  on  a  sub¬ 
stance  that  has  a  periodic  structure  at  the 
molecular  level. 

Extinction. — A  term  used  in  x-ray  optics 
to  describe  the  loss  of  intensity  from  an 
x-ray  beam  owing  to  the  scattering  of 
photons  out  of  the  beam  at  very  small 
angles,  primarily  because  of  diffraction 
effects. 

Reflection. — ^The  changing  of  direction 
of  an  electromagnetic  beam  when  it  is 
incident  on  the  surface  of  a  plane.  The 
reflection  angle  is  equal  but  opposite  in 
direction  to  the  incident  angle. 

Refraction. — A  change  in  direction  of 
the  electromagnetic  beam  when  it  passes 
obliquely  across  a  boundary  between  two 
materials  in  which  the  velocity  of  propa¬ 
gation  is  different.  This  can  also  occur  in 
a  single  medium  owing  to  variations  in  its 
physical  properties. 

Rocking  curve. — ^The  intensity  of  the  x- 
ray  beam  that  is  reflected  from  the  ana¬ 
lyzer  crystal  as  the  analyzer  angle  0  is 
varied  above  and  below  the  Bragg  angle 
that  corresponds  to  the  incident  beam. 


The  intensity  of  the  reflected  beam  varies 
correspondingly  from  zero  to  a  maximum 
(at  the  Bragg  angle)  and  to  zero  again. 

Synchrotron  radiation. — Electromagnetic 
radiation  emitted  as  the  path  of  a  charged 
particle  (an  electron  or  positron)  is  bent 
as  it  passes  through  a  magnetic  field. 
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